Abstract -Morphostructural investigations have been carried out on Apis mellifera workers treated with single controlled acute exposures to a biopesticide containing Bacillus thuringiensis (Bt ), to detect midgut changes until 96 h. Our findings show concentration-dependence of these changes, reflecting in different degrees on both mortality and behaviour. In particular, some midgut changes are also found 96 h after treatment. Our results show that the tested product does not affect survival at presumable environmental concentrations, so confirming the lesser toxicity of Bt -based biopesticides compared to other pesticides. However, in the light of the discovered long-term changes, we discuss the opportunity of taking into account possible chronic exposures to Bt -based products on A. mellifera .
INTRODUCTION
The workers of Apis mellifera Linnaeus 1758 perform several activities, mainly aimed at collecting nectar and pollen to be used as food for their colony. The pollination activity of the foragers, moreover, plays a fundamental role in regulating reproductive processes of many plants, including those important in agriculture (Tepedino 1981; Klein et al. 2007 ).
Unfortunately, large-scale population decline in several species of Apoidea, including honeybees, have occurred in recent decades, also causing serious economic damage to agriculture (Biesmeijer et al. 2006; Gallai et al. 2009; vanEngelsdorp et al. 2009; Ellis et al. 2010) ; however, the causes of this phenomenon are still unidentified. One of the hypotheses, in this respect, is related to the use/abuse of certain pesticides in agriculture (Oldroyd 2007; vanEngelsdorp et al. 2009 ), considering that foraging bees could be exposed to several of these products during their activity.
In the context of the Integrated Pest Management (IPM) programme (Dent 1985) , the biopesticides represent a category of less harmful products, thanks to their features, e.g., efficiency at very low concentrations, rapid inactivation and higher specificity, acting mainly on the larvae of some species of insect pests. Several strains of microorganisms are Electronic supplementary material The online version of this article (doi:10.1007/s13592-016-0448-4) contains supplementary material, which is available to authorized users. commonly used for biopesticides; their toxicity is different based on the target organisms (Gupta and Dikshit 2010) . In particular, Bacillus thuringiensis (Bt ) Berliner is one of the most widely used microorganisms; Bt -based products are released into the environment through different ways (George and Crickmore 2012) .
The toxic action of Bt -based biopesticides, investigated in different species of insects, occurs during the sporulation of the bacteria, when particular toxins (Cry ) are produced. Cry -toxins are different protein families (insecticidal crystal proteins, ICPs) and, once in the midgut of the target organism, specifically affect the epithelium, causing a functional damage that could end with the death of the insect, according to a known mechanism of action (Percy and Fast 1983; Bravo et al. 1992; Lambert and Peferoen 1992; Knowles 1994; Gupta and Dikshit 2010; Schünemann et al. 2014) .
Bt -based biopesticides are unanimously deemed to be non-lethal to the species of Apoidea so far investigated (Bravo et al. 2011) , although some studies seem to show sublethal and even long-term effects on Apis mellifera of some concentrations of Bt toxins, under controlled conditions (Bailey et al. 2005; Brighenti et al. 2007; Han et al. 2010; Ramirez-Romero et al. 2005 , 2008 . Unfortunately, despite the importance of this issue, investigations in this regard are still limited (Mommaerts et al. 2010) . Therefore, our investigation has been aimed at providing data about A. mellifera , by light (LM) and electronic (SEM, TEM) microscopy. For this purpose, acute single exposures to different concentrations of a Bt -based commercial biopesticide have been performed in laboratory-controlled trials to detect any possible midgut changes in worker bees, until 96 h.
MATERIALS AND METHODS

Bioassay and symptoms observation
In June 2015, workers of different ages of Apis mellifera were caught from a healthy queen-right colony of an experimental apiary (Ladurner et al. 2005 ; OEPP/EPPO 2010), previously prepared in a controlled field (unexposed to pesticides) near Catania (Italy).
Our acute oral toxicity assay tested one biopesticide, commonly used in Italy, with a 50 % w/w, power 25,000 UI/mg, formulation of Bacillus thuringiensis var. aizawai and kurstaki (GC-91 strain) (46.2 % δ-endotoxin and 3.8 % spores in 100 g of wettable powder).
The bees were subdivided into four groups in which each specimen was fed with a 10-μL dose of a sugary solution (s.s.) [sterilized-distilled water:honey, 1:1 (v/v); Bailey et al. 2005] : (1) Bcontrol^, free of the tested biopesticide; (2) Bfield concentration^, at field dose concentration (100.0 g/hL) recommended on the label of the tested product; (3) Blow concentration^(40.00 g/ hL); and (4) Bvery-high concentration^, at biopesticide concentration (24,400.0 g/hL) lethal to more than 50 % of the tested bees.
The trials were performed in triplicate for each group: 10 specimens were used in each group (OEPP/EPPO guidelines, 2010), for each of the three repetitions (total sum of 120 specimens, 40 for each repetition). Another separate trial replication (with all the same groups, 10 specimens per group, 40 in total sum) was contextually performed, specifically to provide specimens for LM, SEM and TEM observations.
In each trial, the 10 specimens of each group were placed in controlled cages (25 ± 2°C, 60 % relative humidity) and isolated randomly into 10 cells (1 bee per cell), separated by removable dividing walls. Each bee was exposed to an artificial light (cool white, 15 W) into its cell (about 1 h) until the complete consumption of the 10-μL dose of the s.s. (Ladurner et al. 2005) . The dividing walls were then removed and a group feeder was added with the sugary solution (devoid of the tested biopesticide) and replaced every 24 h (OEPP-EPPO guidelines 2010). All the observations were carried out at different time intervals (4, 24, 48, 72 and 96 h) after the start of the trials to assess any long-term effect (OEPP/EPPO 2010).
Statistical analyses
Overall mortality analysis has been made by calculating mortality rates observed in the three different groups (Malone et al. 1999; Ladurner et al. 2005) . Data on mortality rates were analyzed by means of an one-way ANOVA, followed by a LSD test (least significant difference) for homogenous groups to separate the mean obtained (Siscaro et al. 2006; Ruiu et al. 2007 ). Homogeneity of variance was assumed in all the assays. The statistical analyses were performed with STATISTICA software (Statsoft ® ). Mortality rates have not been corrected with Abbott's formula (1925) , since the death of the specimens of the control group was 0 % (Ladurner et al. 2005 ).
SEM, LM and TEM observations
Each specimen was dissected in an insect Ringer's solution (Yamasaki and Narahashi 1963) ; the various midgut samples were prepared according to one of the two following methods.
Scanning Electron Microscopy (SEM) preparation
Each sample was fixed in 2.5 % glutaraldehyde in a 0.1 M Sorensen's phosphate buffer (SB) with 3 % sucrose, pH 7.4, for 4 h at room temperature (r.t.). The samples were then washed several times in SB, dehydrated in ethyl alcohol, immersed in hexamethyldisilazane (HMDS) (Bray et al. 1993 ) and air-dried; finally, they were mounted on SEM stubs, metal-coated and then observed with a ZEISS EVO LS10 microscope.
Light Microscopy (LM) and Transmission Electron Microscopy (TEM) preparation
Each sample was fixed in 2.5 % glutaraldehyde and, in SB at r.t. The samples were then washed several times in the same buffer, post-fixed in 2 % osmium tetroxide in SB, at r.t. for 1 h, dehydrated in ethyl alcohol, then immersed in propylene oxide and embedded in Embed 812. Semi-thin sections (400-700 nm) for LM observations, cut with an Ultratome III LKB, were mounted on microscope slides, deresined with a saturated solution of sodium hydroxide in absolute ethanol and stained with 0.5 % Toluidine blue in SB. Ultra-thin sections (50-70 nm) for TEM observations, placed on copper/rhodium grids (200/ 300 mesh), were contrasted in uranyl acetate/lead citrate (Reynolds 1963) and then observed with a JEOL 1220 microscope.
Additional details regarding methods are available in the Supplemental Information (Online Resource 1).
RESULTS
Statistical analyses
Overall mortality analysis ( Figure 1a) showed that the mortality rate of the low concentration group was 0 %, remaining unchanged for the entire observation period after treatment. The mortality rates occurred in the groups treated with field/very-high concentrations, 48 h after single ingestion of the solution with the biopesticide. The mortality rate of the very-high concentration group markedly increased at 72 and 96 h after the treatment, if compared to the respective times after treatment with the field concentration.
The one-way ANOVA followed by LSD test for homogenous group (see Table 1 in Online Resource 2) applied to the groups treated with the different concentrations (F = 6.601; df = 3; P = 0.000) showed no difference with the control for low concentration group. As for the low and very-high concentration group, the analysis showed a significant difference with the control only for the latter group.
Symptoms observation
Four hours after the single ingestion of the biopesticide solution, all the specimens from field/very-high concentrations groups showed an evident hypoactivity (bees were motionless, close to the walls or at the bottom of the cage) with respect to the control group. Most of the specimens from low concentration group instead did not show sickness symptoms, keeping these conditions up to 96 h after treatment; however, some of them (one/two for each replication) showed the aforementioned symptoms. This stationary phase (Medrzycki et al. 2003) was also accompanied by a lower consumption of food after the treatment: the field/very-high concentration groups consumed, in fact, about 30.85 and 30.00 %, respectively, of the sugary solution devoid of biopesticide in the group feeder, whereas the control/low concentration groups consumed about 50.41 and 47.81 %, respectively.
After 24 h, only the bees from the low/field concentration groups gradually restored their activity, although food consumption in the field concentration group was lower than in the control and low concentration groups (33.75 %, compared to 47.10 and 46.90 %, respectively); the very-high concentration group instead kept showing both hypoactivity and reduced food consumption (30.83 %). (4, 24, 48, 72 and 96 h) in the three treated groups and in the control group of workers of Apis mellifera . b General gut organization. hs honey stomach; mg midgut; mt Malpighian tubules; oe oesophagus; st stinger. c Longitudinal section of a midgut. arrow peritrophic membrane (PM ); ec ectoperitrophic space; en endoperitrophic space; ep epithelium showing folds; pv proventriculus protruding into the most anterior tract of the midgut lumen; ms muscular sheath. d Fibrillar meshwork (mw ) of the PM. e Microvilli (mi ) of an enterocyte. ac apical cytoplasm; arrowheads vesicles with spherical granules. Scale bars (b ) 1 mm; (c ) 150 μm; (d ) 3 μm; (e ) 1 μm After 48, 72 and 96 h, the still-living specimens from the low/field concentration groups gradually recovered their general behavioral activities. In the very-high concentration group instead the still-living specimens showed worsening of their general behavioral activity: slow and uncoordinated movements, inability to maintain proper posture, and subsequent paralysis ending with death of the specimens.
An overview of the effects observed within the groups is summarized in Table I .
SEM, LM and TEM observations of the midgut
Four hours after the single ingestion of the doses of the biopesticide solution, SEM observations of the midgut (Figure 1b ) of all the specimens from all the groups were comparable (Figure 1c-e) . These features were unmodified only in the control group 48, 72 and 96 h after the ingestion. In particular, 96 h after the treatment, the epithelium profile was irregular in some midgut areas of the specimens from the field concentration group, if compared to the control/ low concentration groups (Figure 2a, b) . Moreover, numerous irregular cellular fragments of different sizes were interspersed with the fibrils of the peritrophic membrane (PM) which did not uniformly cover the epithelium surface; in the control/low concentration groups instead globular cell fragments, with almost similar diameter, were interspersed with the PM fibrils, almost uniformly covering the entire epithelial surface (Figure 2c, d) .
Also, LM features were comparable 4 h after the single ingestion, remaining unmodified only in the control group (Figure 3a) up to 96 h after the treatment. After 24 h, instead LM observations showed changes of the midgut epithelium in all the specimens treated (limited in some areas in the low concentration group, in particular): several enterocytes with a mostly vacuolated cytoplasm, nuclear swelling or piknotyc nuclei, increased apocrine secretion and increased cell elimination (Figure 3b, c) . After 48, 72 and 96 h, the findings of epithelial areas showing cytoplasm vacuolation gradually decreased, more rapidly in the low concentration group. After 96 h, in fact, the midgut changes were confined to a very few areas (Figure 3d ).
TEM observations showed that all the specimens from the three groups had enterocytes with similar ultrastructural features, up to 4 h after the trial start. Only the specimens from the control group showed unmodified their features up to 96 h after treatment, similarly to the above-mentioned SEM/LM observations (Figure 4a ). All the specimens from the other two groups instead showed differences just 24 h after the trial start; in particular, enterocytes showing a swollen nucleus, with more or less not homogeneously dispersed chromatin, and a cytoplasm rich in mitochondria with dilated cristae ( Figure 4b) ; other enterocytes showing their cytoplasm with some areas more or less devoid of organelles, swollen nuclei with many chromatin clumps (Figure 4c, d ) or altered mitochondria, more gathered in their apical cytoplasm (Figure 4e ). After 48, 72 and 96 h, the observation frequency of these ultrastructural differences gradually decreased, although some of these changes were detectable in some midgut areas, even 96 h after treatment.
With regard to the basal plasma membrane of the enterocytes, all the specimens from the control group showed numerous deep introflections, where the fibrillar basal lamina (about 0.6 μm thick) was interposed (Figure 4f ), during the entire observation period. After 96 h, in some midgut areas of the specimens from the low concentration group and in most of the midgut epithelium of the bees treated with the field concentration, instead the enterocytes showed numerous vesicles with electron-transparent content, close to the introflections of the basal plasma membrane (Figure 4g, h) .
Finally, midgut microflora (unspecified bacteria/fungi, not uniformly spread) has been constantly observed in all the specimens, with a frequency higher in the specimens treated with the field concentration; bacteria were sometimes also observed in the muscular-connective sheath underlying the basal lamina (Online Resource 2: Supplemental Figure 1A-D ).
DISCUSSION
All of our analyses imply clear concentrationdependence between the single ingestion of the biopesticide solution and the extension degree of mortality rates, symptoms and midgut morphostructural changes. Moreover, the observed temporal trend is consistent with findings of similar previous studies on A. mellifera and other insects also exposed to Bt , var. kurstaki and/ or aizawai (Trona et al. 2004; Brighenti et al. 2007; Ruiu et al. 2012) .
The midgut morphostructural changes (affecting PM and the epithelial cells) appear to be consistent with typical signs of cell oncosis/necrosis due to toxicological pathologies involving microbial toxins (Trump et al. 1997) . In particular, these changes are strongly comparable with those found in similar previous investigations into the action of toxins of different bacterial strains (including Bt ) on the midgut of insects of different orders; these changes have been shown to involve mainly the plasma membrane of the midgut epithelial cells, so causing their osmotic shock (Bravo et al. 1992 (Bravo et al. , 2011 Lambert and Peferoen 1992; Knowles 1994; Trona et al. 2004; Ruiu et al. 2007 Ruiu et al. , 2012 . So, we hypothesize that the changes observed in our study are closely related to Cry-toxins action, following the ingestion of a Bt -based biopesticide solution.
In addition, as for the frequency of SEM/TEM observations of midgut microflora, higher in field concentration group, it is not possible to draw conclusions from our observations to the species composition of the microbiota. Furthermore, total bacterial community structures are thought not to be a sensitive indicator of Bt -sublethal levels in honeybees (Babendreier et al. 2007 ). However, our observations cannot rule out that these observations could also be due to a higher excretion of gut content in response to the acute intoxication. Since the death of other insects treated with Bt -toxins has been related to a septicemia caused by physiological midgut microflora (Graf 2011) , similar correlations cannot be excluded for our findings of bacteria in the midgut muscular-connective sheath; epithelial alterations, in fact, Bcould open the way^for haemocoel invasion by these microorganisms.
We deem probable that, before the first appearance of midgut changes (24 h), the Bt -toxins (Medrzycki et al. 2003) ; F.C. lower food consumption action could almost immediately modify the midgut physiology of the specimens of the groups treated with field/very-high concentrations, so affecting their behaviour just 4 h after treatment. The continuous action of Bt -toxins, moreover, could justify the worsening of the symptoms in the very-high concentration group. It is reasonable, instead, that midgut changes are not particularly widespread in worker bees treated with field/low concentrations, so allowing their epithelium to rapidly restore its structural integrity/function beyond 24 h after treatment.
This confirms once again the fact that biopesticides represent a category of products certainly less stressful for the environment than other agrochemicals (Gupta and Dikshit 2010) . Furthermore, these results are in line with previous investigations showing the high specificity of Bt -toxins only for larvae of species of other orders of insects (Lambert and Peferoen 1992; Knowles 1994; Gupta and Dikshit 2010) , and that ingestion of cotton pollen expressing Cry1Ac did not affect the midgut proteolytic enzyme activity (Han et al. 2012 ). However, the fact cannot be ignored that some behavioral symptoms (up to 24 h) and/ or midgut changes (up to 96 h) are found after treatment at field and even low concentrations. These findings show that single exposures to the tested Bt -based biopesticide have somehow long-term acute effects on the behaviour and midgut epithelium of the examined bees.
It should be highlighted that Bt -toxins are usually said to be low-level persistent in the environment (Sheeran and Fisher 1992; Lacey 2007) . Secondly, bees feed on pollen/nectar, unlike larval stages of insects target of Bt -biopesticides; showing dilated cristae. n swollen nucleus. e Mitochondria (arrows ), with dilated cristae, gathered in the apical cytoplasm of an enterocyte. m microvilli; pm PM; v vesicles. f Deep introflections (arrowheads ) of the basal plasma membrane of two enterocytes. bl basal lamina; t tracheole. g Numerous small vesicles (v ) close to the introflections (arrowheads ) of the basal plasma membrane of two enterocytes. bl basal lamina. h Large vesicles (v ) close to reduced introflections (arrowheads ) of the basal plasma membrane of an enterocyte. arrow tracheole; bl basal lamina. Scale bars : (a -c , f -h ) 2 μm; (d , e ) 1.5 μm moreover, blooming of a determined plant generally occurs just once a year. So, the environmental concentration of the biopesticide ingested by individual bees would be expected to be almost always lower than the concentration recommended on the product label (Bfield concentration^); furthermore, only in a restricted time-window, would bees likely be exposed to Bt -biopesticides. Consequently, a more realistic natural scenario could be represented by the low concentration; the latter would have no significant implications on the mortality of the adult workers of A. mellifera , in spite of some changes in the midgut morphostructure.
However, since previous studies have reported long-term environmental persistence of Bt cells/toxins, and bioaccumulation and changes in foraging/learning activity of bees treated with Bt -toxins (Vettori et al. 2003; Babendreier et al. 2005; Clark et al. 2005; Ramirez-Romero et al. 2005 , 2008 Tetreau et al. 2012; Strain and Lydy 2015) , our findings lead us to ponder on the worst case scenario of chronic toxicity following repeated ingestions, even at a probable environmental dilution of the Bt -product.
With the aim of deciding whether the tested product can be properly deemed non-lethal at the concentration suggested on the product label, we are carrying out further ongoing investigations, both in controlled trials and in natural conditions. Any chronic toxicity of Btproduct has to be assessed as to whether it is affecting worker bees and their important role for the colony, especially for the larvae. These studies are also necessary in the light of the Bmonarch butterfly controversy^about the presumed toxic effects of Bt in controlled trials (Shelton and Sears 2001) . Further investigations should also have to focus on other aspects. Based on the trophic behaviour in a honeybee colony (De Marco and Farina 2003) , the dynamics of the less probable (but not impossible) case of repeated Bt toxins' indirect transmission to other bees of a colony should be studied. Finally, since certain Bttoxins concentrations have been shown to affect the reproductive rate of Bombus terrestris (Mommaerts et al. 2010 ), any possible effect on the reproductive systems should also be investigated in A. mellifera .
Additional Results (particularly, about midgut changes in specimens treated with very high concentration), Discussion and Figures are available in the Supplemental Information (Online Resources 1 and 2, Supplemental Figure 2A -F 
